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ABSTRACT Themonitoringof the susceptibilityofßeas to insecticideshas typicallybeenconducted
by exposing adults on treated surfaces. Other methods such as topical applications of insecticides to
adults and larval bioassays on treated rearing media have been developed. Unfortunately, baseline
responses of susceptible strains of cat ßea, Ctenocephalides felis (Bouche`), except for imidacloprid,
have not been determined for all on-animal therapies and new classes of chemistry now being used.
However, the relationship between adult and larval bioassays of ßeas has not been previously
investigated. The adult and larval bioassays of Þpronil and imidacloprid were compared for both
Þeld-collected isolates and laboratory strains. Adult topical bioassays of Þpronil and imidacloprid to
laboratory strains and Þeld-collected isolates demonstrated that LD50s of Þpronil and imidacloprid
ranged from 0.11 to 0.40 nanograms per ßea and 0.02 to 0.18 nanograms per ßea, respectively.
Resistance ratios for Þpronil and imidacloprid ranged from 0.11 to 2.21. Based on the larval bioassay
published for imidacloprid, a larval bioassay was established for Þpronil and reported in this article.
The ranges of the LC50s of Þpronil and imidacloprid in the larval rearing media were 0.07Ð0.16 and
0.11Ð0.21 ppm, respectively. Resistance ratios for adult and larval bioassays ranged from 0.11 to 2.2
and 0.58 to 1.75, respectively. Both adult and larval bioassays provided similar patterns for Þpronil and
imidacloprid. Although the adult bioassays permitted a more precise dosage applied, the larval
bioassays allowed for testing isolates without the need to maintain on synthetic or natural hosts.
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The monitoring of insecticide resistance in cat ßeas,
Ctenocephalides felis (Bouche`), has been typically
conducted with tests similar to a World Health Orga-
nization (WHO) procedure that exposes adults on
treatedÞlter paper (WHO1970).Alternativemethods
of determining the susceptibility of cat ßeas to insec-
ticides have been conducted. Moyses (1995) found
assayswith topical applications of insecticides to adult
ßeas to be more sensitive and less susceptible to in-
teractions between substrates and insecticides than
the WHO Þlter paper method. A comprehensive re-
view of insecticide resistance in cat ßeas by Bossard et
al. (1998) summarized the data collected on carbam-
ate, organophosphate, and pyrethroid insecticides.
Further studies revealed multiple cross-resistance to
many of these insecticides (Bossard et al. 2002). Moy-
ses and Gfeller (2001) reported the use of topical
applications to determine susceptibility of a single
laboratory strain to 13 different insecticides. To mon-
itor the susceptibility of Þeld-collected isolates to imi-
dacloprid, a larval bioassay using an insecticide-im-
pregnated food medium was developed by Rust et al.
(2002). This method allows for the worldwide ship-
ment of ßea eggs, permits the development of a diag-
nostic dose, and minimizes the need for maintaining
ßea isolates in the laboratory (Rust et al. 2005).
The relationship between adult and larval bioassays
of ßeas has not been previously investigated. The ob-
jective of this study was to compare adult and larval
bioassays of Þpronil and imidacloprid against both
laboratory strains andÞeld-collected isolates. Theutil-
ity of each bioassay is discussed.
Materials and Methods
Maintenance of Cat Fleas. The isolates of C. felis
used for this work were collected as part of a larger
study involving the monitoring of cat ßea susceptibil-
ity to imidacloprid (Kopp et al. 2013). Fleas were
maintained on individual cats according to a proce-
duremodiÞed fromMetzger andRust (1996).Thecats
were housed in double cages and segregated as much
1 Department of Entomology, University of California, Riverside,
Riverside, CA 92521-0314.
2 Corresponding author, e-mail: michael.rust@ucr.edu.
3 Human and Environmental Science Department, University of
Hertfordshire, United Kingdom.
4 Department of Pathobiology, College of Veterinary Medicine,
Auburn University, Auburn, AL 36899.
5 Rothamsted Research, Hertfordshire, United Kingdom.
6 School of Veterinary Science, University of Queensland, Gatton,
QLD, Australia.
7 Bayer Health Care, Animal Health, Shawnee Mission, KS.
8 Bayer Animal Health GMBH, 51368 Leverkusen, Germany.
9 Bayer Health Care, Brisbane, QLD, Australia.
0022-2585/14/0638Ð0643$04.00/0  2014 Entomological Society of America
D
ow
nloaded from
 https://academ
ic.oup.com
/jm
e/article-abstract/51/3/638/901111 by Periodicals Assistant - Library user on 20 D
ecem
ber 2019
as possible to minimize the chance of cross-contam-
ination between isolates. Three different rooms were
used to maintain the cats and ßea isolates. The main-
tenance of the cats and rearing of cat ßeas were con-
ducted under protocols approved by the Institutional
Animal Care and Use Committee of the University of
California, Riverside.
Cat ßea eggs were collected from trays underneath
cats supporting each Þeld-collected or laboratory iso-
late. The eggs and debris were passed through a series
of four sieves (10, 16, 20, and 60 mesh), with the eggs
being retained on the 60-mesh screen. The eggs were
placed on a larval ßea-rearing medium (1 part nutri-
tive medium [0.15 dried beef blood; AmericaÕs Lab-
oratories, # NK3027034 SD Hemoglobin Powder,
Omaha, NE] to 0.75 ground dog chowbyweight to 0.1
inactive bakerÕs yeast [Red Star Bio Products-Nuttrex
55, Milwaukee, WI] to three parts 30-mesh silica sand
by volume) and held at 26  1C and 80% relative
humidity (RH). Larvae completed development
within 11Ð13 d, and the cocoons and larval medium
were passed through a 16-mesh sieve to separate co-
coons. Adults emerged16Ð18 d after egg collection.
To maintain the isolates on each cat,30 male and 30
female adult ßeas were placed on each cat every 2wk.
Typically, three to four generations were required
before sufÞcient numbers of adult ßeas were present
for testing.
Data on Flea Strains and Isolates. Table 1 provides
collecting information regarding the strains and iso-
lates tested. Not all isolates were tested with both
imidacloprid and Þpronil. Unfortunately, there has
never been a standard “susceptible strain” of C. felis
used consistently for insecticide testing and resistance
monitoring in different laboratories. Consequently, as
much informationaspossiblehasbeencollectedabout
the laboratory strains and Þeld-collected isolates used
in this study. The Auburn strain was originally estab-
lishedat theUniversity ofCalifornia,Riverside (UCR)
in 2000. The Monheim strain was originally obtained
from the veterinary school in Hannover, Germany,
and established at UCR in 2000.The UCR strain was
originally obtained from Stanford Research Institute
in Palo Alto, CA, in 1978. It has since then been
maintained on cats at UCR without any exposure to
insecticides.
Comparisons were also made with data collected
previously for the Danish Pest Infestation Laboratory
(DPIL) strain. DPIL was originally collected in Co-
penhagen, Denmark, in 1981, transferred to Switzer-
land in 1984, and reared on an artiÞcial system in 1990
(Moyses 1995, Moyses and Gfeller 2001).
Insecticides. Acetone solutions of technical grade
Þpronil (97.8%, Pestanal D-30926, Sigma-Aldrich,
Seetze, Germany) and imidacloprid (Bayer Animal
Health, Monheim, Germany) were applied to the lar-
val-rearing medium or directly to the adult cat ßea.
Adult Topical Bioassays. A 0.1-l droplet of insec-
ticide was deposited on the cuticle of each ßea using
a 27-gauge needle in a glass tuberculin syringe (Bec-
ton,DickinsonandCo,Rutherford,NJ)held in an Isco
model M Microapplicator (Instrumentation Special-
ties, Seward, NE). The tip of the needle was removed
so that the opening was level instead of tapered as is
common with hypodermic needles. This allowed the
solvent to bead up at the end of the syringe.
Adult ßeas were tested when they were 18Ð20 d
from the egg collection date. Fleas were placed into
two or three test tubes (195 by 23 mm in diameter) in
groups of 60Ð100 ßeas per tube by inverting the
rearing jar and pouring them down a glass funnel.
They were placed in a refrigerator at 3C. Fleas were
immobile after 40 min when the Þrst test tube was
removed. The ßeas were lightly anesthetized with
CO2 and poured into a plastic petri dish (85 mm in
diameter by 14 mm in depth) sitting on a chill plate
(#1429, Bioquip, Rancho Dominguez, CA) and cov-
ered with the plastic petri dish lid. Covering the petri
dishes was important because, despite the chilling,
someßeas retainedenoughmobility tokickandpropel
themselves out of the petri dish. The ßeas were kept
under a gentle ßow of CO2. The chilling table was
maintained at around 0.4C. The second and third
test tubes were removed from the refrigerator as
needed. We detected no detrimental effect of addi-
tional refrigeration and CO2 on survival of the later-
dosed ßeas.
A small droplet of acetone and insecticide (or ac-
etone alone in the controls) was initially forced out of
the syringe to ensure ßow; despite the small aperture
of the syringe opening, some evaporation occurred
inside theneedle shaft betweenapplications.After the
test droplet was forced out and wiped off with a Kim-
wipe tissue, a second droplet was forced out. An im-
mobilized ßea was removed from the covered petri
dishwith Þne forceps andwas brought to the tip of the
Table 1. Information regarding the field-collected isolates and the laboratory strains tested
Strain/isolate Locality Collection date Cat or dog Previous treatments
Auburn Soquel, CA 1985 Cat Unknown
Monheim Hannover, Germany 1992 Cat Unknown
UCR Palo Alto, CA 1978 Cat Unknown
Clancy Queensland, Australia 14 Aug 2007 Dog Several unknown
Inky Jefferson City, MO 30 Aug 2010 Cat Frontline combo, frontline plus
Jeepers Charleston, SC 3 June 2009 Dog Frontline
Kiki Jacksonville, FL 24 May 2006 Cat Unknown
Monster Rochester, NY 2 Nov 2009 Cat None
Oliver Jacksonville, FL 6 Jan 2009 Cat Advantage multi
Sassy Mount Dora, FL 2 Dec 2009 Dog Advantage
Tweedle Dee Houston, TX 9 Jan 2009 Cat None
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syringe. The ßea was then placed in a clean test tube
to recover. Ten ßeas were dosed and placed per test
tube after which a strip of Þlter paper (Whatman #1,
18-mmwideby90-mmlong, taperedatoneend)was
placed inside the test tube, tapered end down, to give
the recovering ßeas a vertical substrate onto which
they could crawl. The test tubewas then coveredwith
a small square of paraÞlm to conÞne the ßeas. The test
tubes and ßeas were placed inside an environmental
chamber held at 27  1C and 56% RH. Fleas were
checked 24 h later for survival. A ßea was considered
dead (or irreversibly affected) if it was either immo-
bile on the bottom of the vial or, if moving, could not
right itself and crawl upward on the piece of Þlter
paper.
A series of doses was administered from lowest to
highest concentration with a corresponding control
batch before and after each insecticide series. All
insecticide doses were made up fresh from a stock
solution within an hour of use, and each group of 10
ßeas of the same dose received insecticide from a
separate vial (i.e., three groups of 10 required three
vials of prepared insecticide). The stock solutions
were refrigerated for storage and allowed to reach
room temperature before themaking of new dilutions
for testing. Tests were performed in three simultane-
ous trials such that the precontrol treatments were
applied Þrst and in succession, followed by the lowest
insecticide doses, then the next highest doses, and so
on. After applying the highest dose, the syringe (glass
plunger, glass body, andmetal needle)wasdismantled
and thoroughly cleaned with acetone and allowed to
soak 3Ð5 min in acetone to remove insecticide. After
this soaking, the syringewas reassembled, rinsed a few
more times, and the postcontrol treatments were ap-
plied. Typically, the postcontrols showed no discern-
ible increase in mortality, such that the Þnal cleaning
process was deemed successful in removing remnant
insecticide. However, imidacloprid appeared to ad-
heremore tenaciously to the syringe thanÞpronil (i.e.,
higher mortality in the postcontrol treatments). Sub-
sequently, after the highest dose of imidacloprid, the
syringe received several additional active rinsing and
was soaked in the acetone for 10 min. This was
sufÞcient to reduce the postcontrol mortality to nor-
mal levels (i.e., 0Ð10%). In addition, to further de-
crease potential contamination, one syringe was spe-
ciÞcally dedicated to use only with imidacloprid.
Larval Bioassays.To determine the activity of Þpro-
nil and imidacloprid against larval cat ßeas, immature
ßeas were exposed to larval-rearing medium treated
with serial dilutions of each insecticide. The medium
was placed in the bottom of plastic Sarstedt vial (2
grams per vial) and treated with 2 ml of nine serial
dilutions of technical Þpronil or imidacloprid in ace-
tone (0.003, 0.0015, 0.001, 0.0005, 0.0003, 0.0001,
0.00005, 0.00001, and 0.000005%), resulting in concen-
trations in the medium from 30 to 0.05 ppm (Rust et
al. 2002).Themixturewas stirred, and themediumwas
allowed to dry for at least 2 h. The treatedmixturewas
transferred to a glass petri dish (60 by 15 mm).
To permit an accurate count of the number of eggs
that hatched, cat ßea eggs were glued to the under-
neath surface of the petri dish lids. The petri dish lids
wereplacedover themediaandplaced into incubators
maintained at 26  2C and 80% RH. The number of
hatched eggs was counted on day 5.
The medium and cocoons were passed through a
16-mesh screen on day 12, and the number of cocoons
was counted. The cocoons were placed in a 2.5 cm in
diameter by 4.5 cm in length plastic snap cap vial, and
a 5.5-cm-diameter disk of Whatman Þlter paper
(Whatman, Hillsboro, OR) was placed over the top
and securedwith a snap cap lid. The vials and cocoons
were returned to a chamber maintained at 26  2C
and 80% RH. The number of adults that emerged was
counted on day 28.
Statistical Analyses. DoseÐmortality lines for each
strain and insecticide were determined using “Polo”
software (LeOra Software, Menlo Park, CA: Robert-
son and Preisler 1992). Data obtained for DPIL lab-
oratory strainbyotherauthors, butusingacomparable
topical application method, were used as baseline for
determining resistance ratios (RR50) for the adults
(Moyses and Gfeller 2001). Because larval bioassay
data were not available for DPIL, the Auburn strain
was selected as the baseline reference strain because
of its high frequency of susceptible alleles for the Rdl
(Bass et al. 2004b) and knockdown resistance mech-
anisms (Bass et al. 2004a).
Results
Adult Topical Bioassays. Fipronil was toxic to adult
cat ßeas, giving LD50 values against the three labora-
tory strains (Auburn, Monheim, and UCR) ranging
Table 2. The minimum lethal dose (nanograms per flea) required to kill adult C. felis by topical applications of fipronil
Strain/isolate n Slope  SE LD50 (95% CL) LD95 (95% CL) Ratio LD50
a
Auburn 150 2.79 0.604 0.11 (0.059Ð0.149) 0.42 (0.298Ð0.800) 0.61
Monheim 150 3.91 0.508 0.28 (0.228Ð0.343) 0.75 (0.586Ð1.097) 1.56
UCR 150 4.04 0.557 0.28 (0.229Ð0.330) 0.72 (0.557Ð0.992) 1.56
Clancy 230 1.52 0.256 0.13 (0.043Ð0.213) 1.55 (0.845Ð6.897) 0.7
Jeepers 150 2.55 0.462 0.35 (0.167Ð0.530) 1.56 (0.907Ð9.283) 1.94
Monster 150 2.97 0.781 0.40 (0.229Ð0.514) 1.43 (1.008Ð3.791) 2.22
Oliver 150 2.48 0.361 0.25 (0.170Ð0.330) 1.15 (0.760Ð2.520) 1.39
Sassy 270 2.00 0.354 0.28 (0.154Ð0.382) 2.14 (1.031Ð31.781) 1.56
DPILb 418 2.8 0.42 0.18 (0.12Ð0.27) 0.69 (0.40Ð2.3)
a Ratio of isolate or strain/DPIL.
b DPIL  Danish Pest Infestation Laboratory strain (Moyses and Gfeller 2001).
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from 0.11 to 0.28 nanograms per insect (Table 2).
These values were close to that (0.18 nanograms per
insect) obtained previously with DPIL (Moyses and
Gfeller 2001). TheLD50s of the Þeld-collected isolates
ranged from 0.13 to 0.40 nanograms per ßea, yielding
RR50 ranging from 0.61 to 2.22 compared with DPIL.
Imidacloprid proved similarly toxic to Þpronil
against adultC. felis (Table 3). TheLD50s ranged from
0.02 to 0.18, and the RR50, compared with the DPIL
strain, ranged from 0.11 to 0.95.
Larval Bioassays.Larval medium treatedwith Þpro-
nil was extremely toxic with a concentration of 0.07
ppm, providing 50% kill of larvae (Table 4). RR50,
compared with Auburn, ranged from 0.58 to 1.33. Imi-
daclopridwas similarly toxic against larvae,withLC50s
ranging from 0.09 to 0.21 ppm and RR50 ranging from
0.5 to 1.75 (Table 5).
Discussion
Spot-on animal therapies have been widely used to
control adult cat ßeas since the registration of imida-
cloprid (Advantage) and Þpronil (Frontline) in the
mid-1990s. Despite their widespread use for nearly 15
yr, there have been no scientiÞcally documented re-
ports of reduced susceptibility of ßeas to either of
these compounds. A long-term program to monitor
the susceptibility of imidacloprid has not revealed any
reduced susceptibility of larvae in 1,347 isolates col-
lected from North America, Europe, and Australia
(Blagburn et al. 2006, Kopp et al. 2013). There has not
been a comparablemonitoring program for other cur-
rently used spot-on animal therapies, including Þpro-
nil.
Unfortunately, there are no fully insecticide-sus-
ceptible strains ofC. felis in culture.Molecular studies
have shown that even existing long-standing labora-
tory strains such as Auburn, UCR, and Monheim con-
tain alleles conferring resistance to pyrethroids and
cyclodiene insecticides (Bass et al. 2004a,b). Brunet et
al. (2009) reported that six strains thought to be sus-
ceptible to Þpronil were in fact homozygous for the
Rdl mutation conferring resistance to cyclodiene in-
secticides and cross-resistance to Þpronil. Conse-
quently, we included in this study the topical appli-
cation data for adults collected byMoyses and Gfeller
(2001) because the DPIL strain had been cultured
since the 1980s and was one of the Þrst tested with
Þpronil and imidacloprid. Unfortunately, this strain is
no longer in existence.
None of our laboratory strains or Þeld-collected
isolates ofC. feliswere signiÞcantly less susceptible to
Þpronil than results obtained by Moyses and Gfeller
(2001) forDPIL. Interestingly, most of our strains and
isolates were signiÞcantly more susceptible to imida-
cloprid compared with the DPIL strain. In our study,
small residues of imidacloprid appeared to remain
even after normalwashing and rinsing of syringes. The
adult ßeaswere also lightly anesthetizedwithCO2 and
then conÞned on a cold plate before treating them.
These procedural changes may have contributed to
increased susceptibility and lower LD50 values.
When treating holometabolous insects such as ßeas,
the insecticide applications may target speciÞc devel-
opmental stages. For example, insect growth regula-
tors such as methoprene and pyriproxyfen typically
affect eggs, larvae, or both, whereas most other insec-
ticides target the adult ßeas because they are applied
Table 3. The minimum lethal dose (nanograms per flea) required to kill adult C. felis by topical applications of imidacloprid
Strain/isolate n Slope  SE LD50 (95% CL) LD95 (95% CL) Ratio LD50
a
Auburn 120 5.43 1.046 0.06 (0.052Ð0.071) 0.12 (0.105Ð0.178) 0.32
Monheim 110 5.97 1.359 0.08 (0.067Ð0.094) 0.15 (0.118Ð0.262) 0.42
UCR 420 2.18 0.213 0.10 (0.070Ð0.142) 0.55 (0.298Ð2.084) 0.56
Clancy 210 3.44 0.850 0.07 (0.044Ð0.084) 0.20 (0.129Ð1.277) 0.37
Inky 360 8.04 1.398 0.05 (0.042Ð0.060) 0.08 (0.069Ð0.147) 0.26
Kiki 245 2.91 0.492 0.18 (0.071Ð0.291) 0.67 (0.415Ð1.981) 0.95
Monster 210 5.48 1.090 0.07 (0.045Ð0.086) 0.14 (0.106Ð0.553) 0.37
Sassy 120 2.18 0.379 0.02 (0.015Ð0.031) 0.13 (0.078Ð0.312) 0.11
Tweedle Dee 210 6.03 1.29 0.05 (0.034Ð0.064) 0.10 (0.076Ð0.224) 0.26
DPILb 560 5.2 0.41 0.19 (0.15Ð0.22) 0.70 (0.54Ð1.1)
a Ratio of isolate or strain/DPIL.
b DPIL, Danish Pest Infestation Laboratory strain (Moyses and Gfeller 2001).
Table 4. The lethal concentration of fipronil in larval-rearing medium (ppm) required to kill larval C. felis
Strain/isolate n Slope  SE LC50 (95% CL) LC95 (95% CL) Ratio LC50
a
Auburn 836 3.73 0.600 0.12 (0.076Ð0.142) 0.33 (0.255Ð0.5567)
Monheim 446 1.63 0.229 0.07 (0.025Ð0.120) 0.72 (0.423Ð2.063) 0.58
UCR 834 2.28 0.299 0.13 (0.049Ð0.206) 0.69 (0.438Ð1.952) 1.08
Clancy 329 1.38 0.229 0.14 (0.014Ð0.331) 2.11 (0.783Ð49.141) 1.17
Jeepers 302 2.81 0.478 0.12 (0.080Ð0.157) 0.46 (0.332Ð0.771) 1.00
Monster 333 0.87 0.184 0.10 (0.006Ð0.282) 8.19 (2.297Ð654.139) 0.83
Oliver 336 1.96 0.297 0.16 (0.070Ð0.270) 1.12 (0.654Ð3.013) 1.33
Sassy 354 1.11 0.218 0.11 (0.010Ð0.279) 3.40 (1.291Ð57.499) 0.92
a Ratio of strain or isolate/Auburn.
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to the host. The developmental stage and age of the
insect can affect susceptibility to insecticides. Neo-
nate codling moth larvae, Cydia pommonella (L.),
were more sensitive than Þfth instars to azinphos-
methyl mixed in rearing media. The age of the adult
moths affected the sensitivity to topical applications
(Reuveny and Cohen 2007). In two strains of tobacco
whiteßy, Bemisia tabaciGennadius, prepupal nymphs
were more susceptible to imidacloprid than adults,
and resistance to imidacloprid conferred by overex-
pression of amonooxygenase enzymewasmuchmore
potent in adults and larvae (Nauen et al. 2008). In
western ßower thrips, Frankliniella occidentalis (Per-
gande), larvae were more susceptible than the adults
to acrinathrin, formetante, and methiocarb (Contre-
ras et al. 2010). Higher resistance levels were found in
adults, and this carried over to larvae at lower levels.
Clearly, factors such as feeding activity, develop-
mental processes, and the route of exposure affect the
susceptibility of various life stages to insecticides.
However, our studies suggest a larval bioassay to be
the right laboratory test system for both adulticides,
Þpronil and imidacloprid. This is because of themajor
limitation of topical bioassays of adults, as the test is
that they require artiÞcial or natural hosts to generate
the large numbers of adult ßeas. However, if 60 ßea
eggsarecollected, it ispossible to test for susceptibility
using the larval bioassay technique, provided a diag-
nostic dose has been developed (Rust et al. 2005).
To date 1,347 ßea isolates from the Þeld have been
tested in larval bioassay against imidacloprid, with no
reports of reduced efÞcacy with spot-on applications
(Rust et al. 2011, Kopp et al. 2013). In contrast, only
a few isolates havebeen testedwithÞpronil.However,
with the reported larval bioassay, a reliable study
could be implemented for further investigation.
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